This paper examines the application of CFD modelling to simulate the two-phase heat transfer mechanisms in a wickless heat pipe, also called a thermosyphon. Two refrigerants, R134a and R404a, were selected as the working fluids of the investigated thermosyphon. A CFD model was built to simulate the details of the two-phase flow and heat transfer phenomena during the start-up and steady-state operation of the thermosyphon. The CFD simulation results were compared with experimental measurements, with good agreement obtained between predicted temperature profiles and experimental temperature data, thus confirming that the CFD model was successful in reproducing the heat and mass transfer processes in the R134a and R404a charged thermosyphon, including the pool boiling in the evaporator section and the liquid film in the condenser section. 
INTRODUCTION
A wickless heat pipe is a two-phase heat transfer device with a highly effective thermal conductivity, containing a small amount of working fluid that circulates in a sealed tube utilising the gravity forces to return the condensate back to the evaporator [1] . When the evaporator section is heated by an external source, the heat will be transferred to the working fluid through the evaporator wall. The working fluid absorbs an amount of heat proportional to the latent heat of evaporation, which is sufficient to change the fluid from liquid to vapour. The vapour then moves to the condenser section where it changes phase again, back to liquid, along the condenser's wall, giving up its latent heat that it absorbed in the evaporator section. The condensed liquid is then returned to the evaporator due to gravitational or capillary forces, according to the type of heat pipe [1] [2] [3] [4] [5] . Heat pipes have been successfully used for waste heat energy recovery in a vast range of engineering applications, such as heating, ventilation, and air conditioning (HVAC) systems [2] , ground source heat pumps [6] , water heating systems [7] and electronics thermal management [8] .
The most important characteristics to consider in identifying suitable working fluids are compatibility and wettability with the heat pipe materials, good thermal stability and conductivity, high latent heat of evaporation, high surface tension and low viscosity for both liquid and vapour [9] . In typical thermosyphons, the selection of the working fluid and the shell materials is subject to the working environment and temperature under which the thermosyphon-based system will function. For low temperature applications, ammonia and various refrigerants such as R134a, R22 and R410a have been used as working fluids with copper, steel, aluminium and other compatible metals as shell materials. Water has been proven to be a suitable working fluid for temperatures between 30°C and 300°C, with good compatibility with various metals including copper and stainless steel. Liquid metals and various organic fluids have been selected for thermosyphons when the working temperature is above 300°C [6, [10] [11] [12] [13] [14] .
Two-phase closed thermosyphons have been extensively used in many applications [15] ; however, only a limited number of CFD numerical simulation studies have been published. Kafeel and Turan [16] studied the effect of different pulsed increases in heat input at the evaporator zone on the behaviour of thermosyphons. They used similar thermosyphon configurations to that of Amatachaya et al [17] to validate the simulation model, and an Eulerian model to simulate film condensation at the condenser zone with a filling ratio of 30% of the evaporator zone. Alizadehdakhel et al. [18] reported on a two-dimensional model and experimental studies in which they investigated the effect of input heat flow and filling ratio of the working fluid on the performance of a two-phase closed thermosyphon, using water as the working fluid.
Zhang et al. [19] developed a two-dimensional model for a disk-shaped flat twophase thermosyphon used in electronics cooling. The authors simulated the flow inside the disk flat two-phase thermosyphon as a single-phase flow with water as the working fluid. They compared the distribution of vapour velocity and temperature with experimental results to determine the factors that affected the axial thermal resistance of a flat thermosyphon.
Annamalai and Ramalingam [20] carried out an experimental investigation and CFD analysis of a wicked heat pipe using ANSYS CFX. The authors considered the region inside the heat pipe as a single phase of vapour and the wick region as the liquid phase, and used distilled water as the working fluid. They compared the predicted surface temperature along the evaporator and condenser walls and the vapour temperature inside the heat pipe with the experimental data. Lin et al. [21] built a CFD model to predict the heat transfer capability of miniature oscillating heat pipes (MOHPs) using VOF and Mixture models, and water as the working fluid. The effects of different heat transfer lengths and inner diameters at different heat inputs were used to analyse the heat transfer capability of MOHPs.
There is an obvious gap in the published literature on CFD simulations of the twophase heat transfer/flow within a wickless heat pipe. Therefore, the purpose of this paper is to build a CFD model to cover all details of two-phase flow and heat transfer phenomena during the operation of a wickless heat pipe charged with two working fluids, namely R134a and R404a. The reported work focuses on their thermal performance during start-up and operation. The developed CFD model has been validated experimentally and theoretically with good agreement. A user-defined function (UDF), together with a VOF model, has been used in order to simulate the phase change during the pool boiling and the liquid film condensation.
CFD SIMULATION OF MASS AND HEAT TRANSFER DURING THE EVAPORATION AND CONDENSATION PROCESSES
In this study, the commercial code ANSYS FLUENT 14.0 and the Volume of Fluid (VOF) method have been applied for the modelling of a closed two-phase thermosyphon. The details of the VOF model and the Navier-Stokes equations for the VOF model, relevant to this study, have been discussed by Fadhl et al. [1] .
During the thermosyphon operation, phase change occurs from liquid to vapour phase during the nucleate pool boiling in the evaporator section and from vapour to liquid phase during the liquid film condensation in the condenser section. In this study, userdefined functions (UDFs) are employed to specify customised source terms reported by Fadhl et al. [1] and De Schepper et al. [22] for the existing governing equations in the FLUENT package, in order to determine mass and energy sources for the phases involved in the mass and heat transfer processes.
Mass sources, S M in the volume fraction equation, can be given by the following expressions:
For mass transfer during the evaporation process:
For mass transfer during the condensation process:
where T mix and T sat are the mixture and saturation temperatures, respectively, and and are the volume fraction of the liquid and vapour phases, respectively. 
where LH is latent heat of evaporation. A single source term for both phases is required in the evaporation, Eq. (5) or condensation, Eq. (6) during the heat transfer process.
MODEL GEOMETRY AND COMPUTATIONAL MESH
A two-dimensional model was developed to simulate the two-phase flow and heat transfer phenomena in a thermosyphon. According to the experimental conditions described in [1] , a closed thermosyphon tube wall made of copper with a thickness of 0.9mm and a total length of 500mm was used as the thermosyphon geometry, as can be seen in Figure 1 . The evaporator and condenser sections of the thermosyphon model are taken to be 200mm in length, making the adiabatic section 100mm long.
The outer and inner diameters are 22mm and 20.2mm, respectively.
The temperature distribution along the thermosyphon wall was monitored using eight thermocouples, according to the experimental setup [1] . As shown in Figure 1 , T a gave the temperature of the adiabatic section, T e1 and T e2 were used to obtain the average temperature of the evaporator section, while T c1 to T c5 were used to for the average temperature of the condenser section.
The geometry was constructed and meshed using the GAMBIT grid generation 
BOUNDARY AND OPERATING CONDITIONS
A non-slip boundary condition was imposed at the inner walls of the thermosyphon.
In order to simulate the heating and evaporation, a constant heat flux was defined at the wall boundaries of the evaporator section, depending on the power input. A zero heat flux is defined as boundary condition on the adiabatic section. The condenser section was cooled as a result of heat released when vapour condenses. It has been assumed that the condenser is cooled by water, according to the experimental apparatus. Thus, a convection heat transfer coefficient was defined as boundary condition on the condenser's wall. The corresponding heat transfer coefficients have been calculated using the formula:
where h c is the condenser heat transfer coefficient, Q c is the rate of heat transfer from the condenser, L c is the condenser height, r is the pipe radius, T c,av is the condenser average temperature and T ∞ is the average temperature of the condenser cooling water. Figure 4 illustrates the boundary conditions implemented to the computational model.
In order to verify the sensitivity of the results to the value of the heat transfer coefficients, an empirical correlation proposed by Zukauskas [23] is used to determine the average Nusselt number for external forced convection over a circular pipe, defined as:
(for 40 ≤ Re ≥ 4000)
where , and are the thermal conductivity, kinematic viscosity and Prandtl number of the condenser cooling water, U is the inlet cooling water velocity and D c is the condenser outer diameter.
Churchill and Bernstein [24] reported an additional correlation to determine the average Nusselt number, defined as:
[1+(0.4/ ) 
In order to test the simulation results independence on the condenser heat transfer coefficients, correlations (7), (8) and (10) were checked for the heating power throughput of 30 W for the working fluid R134a. Thus, the average temperature of the evaporator, adiabatic and condenser sections are shown in Table 2 . From this observation, it is apparent that the average temperature for the evaporator, adiabatic and condenser are very close for different tested correlations. Consequently, correlation (7) is selected to determine the heat transfer coefficients of the condenser's wall based on the experimental data (see Table 3 ).
The model considered R134a or R404 as working fluids with a 100% filling ratio of the evaporator section (i.e. FR=100%). Apart from the density of the liquid phase and surface tension, the physical properties of the working fluids are assumed to be temperature-independent to limit the calculation time. These properties are taken at 298.15 K using the NIST REFPROP program [25] , and can be found in Table 4 .
The density of the liquid phase ( ) of the working fluid is considered as temperaturedependent and fitted into functions of temperature in the form of a high-order polynomial, defined as:
where are the density coefficients listed in Table 5 .
The effect of surface tension ( ) along the interface between the two phases is also considered as temperature-dependent and included in the model by using the following correlation.
where are the surface tension coefficients listed in Table 5 .
The thermophysical properties listed in tables 4 & 5 have been obtained from the NIST REFPROP program [25] .
CFD SOLUTION PROCEDURE
A transient simulation with a time step of 0.001s is carried out to model the dynamic behaviour of the two-phase flow. The time step has been selected based on the Courant number, which is the ratio of the time step to the time a fluid takes to move across a cell. For VOF models, the maximum Courant number allowed near the interface is 250 [21] . For a time step of 0.001, the Courant number is less than 1. The simulation reaches a steady state within 120s. 
FLOW VISUALISATION OF CFD SIMULATION
In the following sub-sections, the CFD simulation findings from the tests will be visualised and an analysis of the nature of the heat transfer, pool boiling and liquid film condensation processes within the R134a and R404a charged thermosyphons will be discussed.
Heat transfer process
In order to understand the heat transfer process during the thermosyphon operation, the temperature contours at different times have been observed during the start-up (heating) and steady-state operation. In this visual observation, the temperature distribution in the fluid region inside the evaporator, adiabatic and condenser sections has been recorded for both R134a and R404a. The results for R134a are shown in At the beginning of the heating procedure, the operating pressure and temperature of the working fluid were set to the saturation values at the initial temperature of the heat pipe (around 25°C for both cases), as shown in Figure 5 . Between 2.0 s and 8.0 s, the temperature in the evaporator increases as a constant heat is applied to the outer wall of the evaporator section, which allows heat to transfer through the evaporator wall into the liquid pool, as shown in Figure 5 . Boiling heat transfer continues on the walls of the evaporator section due to the temperature difference between the wall and the saturated working fluid within the thermosyphon. The generated vapour then moves upward, as shown at 20 s, and this vapour flows through the adiabatic section to the condenser section, as can be seen at 30 s, 40 s and 50 s in Figure 5 . Then, a
high temperature region appears in the condenser section between 60 s and 90 s due to the vapour reaching this section. The region near the inner wall of the condenser section has a lower temperature than the middle region as a result of vapour condensing along the inner surface of the condenser wall. Eventually, between 100 s and 120 s, the temperature distribution inside the thermosyphon becomes uniform as shown in Figure 5 . The above described procedure shows the heat transfer process during the operation of the thermosyphon charged with R134a. The same can be observed for the case when the thermosyphon was charged with R404a.
Consequently, the temperature distribution in the fluid region inside the thermosyphon for R404a has not been shown.
Evaporation process
The pool boiling phenomena taking place inside the evaporator section has also been visualised during the evaporation process. Figure 6 shows the volume fraction It is clear from Figure 6 that the pool boiling behaviour of R134a is significantly different to that of water, as very small bubbles grow during the pool boiling. The reason behind this is related to the value of the critical nucleation site radiuses. Fadhl et al [1] reported CFD simulations of the pool boiling behaviour of water with the filling ratio of 50%, a snapshot of which can be seen in Figure 7 . The results for both water and the refrigerants have been validated visually using transparent glass wickless heat pipes. This provides evidence that the CFD model has the ability to reproduce the difference in pool boiling behaviour between different working fluids.
Condensation process
Following the boiling process, the converse process takes place in the condenser section. The CFD model predicts the condensate film configuration as illustrated in Figure 8 for the R404a charged thermosyphon that was undergoing a power throughput of 30 W.
It is illustrated that the liquid film will then fall down under gravity through the adiabatic section, which is clearly shown in Figure 8 at the adiabatic zone.
Eventually, the liquid pool in the evaporator section will be charged by a continuous thin liquid film as illustrated in Figure 8 at the evaporator zone.
TEMPERATURE DISTRIBUTION OF CFD SIMULATION OF THERMOSYPHON
The temperature profiles along the modelled thermosyphon have been observed under 
CONCLUSIONS
A two-phase closed thermosyphon is considered in this paper when charged with two The average wall temperature along the thermosyphon has been compared with the experimental results at the same condition for both working fluids, and demonstrates that the predicted CFD simulation results agreed with the experimental results.
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